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Summary
Objective: To investigate the acute response of immature articular cartilage, in the distraction and consolidation phases, to 30% tibial
lengthening.
Design: Sixteen immature New Zealand white rabbits underwent diaphyseal lengthening of the left tibia by callotasis at a distraction rate of
0.4 mm twice daily. A sham control group of 12 rabbits underwent ﬁxation and osteotomy without lengthening. In each group, half of the rabbits
were killed at the end of the distraction phase or at an equivalent time period and the rest were killed after an additional 5 weeks (consolidation
phase). The tibial condyles and synovial ﬂuid in the knee joint cavity were taken for laboratory examination. Sulfated glycosaminoglycan in
synovial ﬂuid was estimated using a colorimetric method. Sections along the mid-coronal plane of the whole of the tibial condyles were
examined histologically and by scanning electron microscopy. A grading system was used to make a semiquantitative assessment of the
histopathological changes in articular cartilage.
Results: Damage to the immature articular cartilage had occurred by the end of the distraction period and the cartilage continued to deteriorate
in the consolidation phase of 5 weeks. However, when compared with a similar study in a mature rabbit model, damage to immature cartilage
appeared less severe.
Conclusion: This model of 30% lengthening caused acute cartilage damage which did not recover in the short term. The result may have
implications for longer lengthening in children; the effects may be disadvantageous and lead to degenerative diseases later in life.
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Limb lengthening has been used as a surgical means to
successfully correct limb length inequality. Unfortunately,
complications can arise from this procedure such as soft tis-
sue contracture, decreased joint motion and joint stiffness
due to the relative inability of the muscle to lengthen. These
complications have been investigated in in vivo models,
many of these studies have been in rodents which have
the disadvantage of postural differences to humans but
have the advantage of robustness of ﬁndings due to the de-
ﬁned conditions in identical animals. Nakamura reported
damage to mature articular cartilage at the end of lengthen-
ing, in particular ﬁbrillation occurred in six out of seven
rabbits, there was a decrease in the synthesis and content
of cartilage glycosaminoglycan (GAG) and an increase in
the concentration of GAG in synovial ﬂuid1,2. These patho-
logic changes continued to deteriorate during the 3e6
months after the completion of distraction.
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Received 2 June 2005; revision accepted 4 April 2006.10As limb lengthening techniques have improved, the num-
ber of distractions performed on immature skeletons has
increased. The changes found in mature cartilage raise
concerns about the potential damage caused to the imma-
ture cartilage by longer distractions. However, this concern
may be unfounded; the response of immature cartilage to
lengthening may be different to that of mature cartilage
and there are several reasons that suggest that this might
be the case. One major reason is that the mechanical prop-
erties of mature and immature articular cartilages are differ-
ent, with different physiological characteristics in structure,
nutrition, growth, proliferation, repair, metabolism and matrix
composition. Secondly, mature articular cartilage may al-
ready have degenerative cartilage lesions which could be
exacerbated by the surgical procedure. Thirdly, ambulation
and range of joint mobility after limb lengthening could be dif-
ferent in older animals compared to younger ones, which in
turn affects the amount of weight bearing3. The proteoglycan
content of cartilage has been reported to depend on the
amount of weight bearing and hence a change in weight
bearing could alter the biochemistry of the cartilage4. Lastly,
better adaptation to bone lengthening and lower strength of
immature than mature muscle would lead to reduced joint
compressive forces on the joint surface, leading to less ad-
verse effects on immature articular cartilage5,6.
The present study was designed to investigate whether
tibial lengthening would cause damage to immature articular
cartilage, assessed at the end of the distraction period
and after a short consolidation phase, in the same way49
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has been widely investigated as model of limb distraction
and has provided valuable insights into the mechanics
and biochemistry of the distraction process; for example,
see Refs.7,8.
Methods
The animal experiments in this study were performed
under the UK Home Ofﬁce license PPL40/1949. Twenty-
eight immature male New Zealand white rabbits (from
Harlan Company, UK, age 9 0.6 weeks) were divided
into two groups: distraction (n¼ 16) and sham (n¼ 12). In
the distraction group, rabbits under general anesthesia,
had four threaded wires (Medin, Czech Republic) inserted
through the left mid-diaphysis of the tibia and clamped
onto a bilateral ﬁxator (custom made in the mechanical
workshop of Northern General Hospital, Shefﬁeld, UK). An
osteotomy was made in the ﬁxed tibia between the middle
two wires below the tibioﬁbular junction; the periosteum
was preserved9. Distraction was started on the ﬁfth postop-
erative day with a distraction rate of 0.4 mm twice daily and
ended when a 30% increase in the original tibial length
(mean¼ 23.7 mm) was achieved (4e5 weeks). Free cage
activity was allowed throughout the distraction and consoli-
dation process. In general, the animals tolerated the sur-
gery and lengthening procedure well; however, loss of
knee movement was evident at the end of lengthening.
No intentional active or passive range of motion was per-
formed on the knee joint. In the sham group, the left tibia
underwent ﬁxation and osteotomy without distraction. In
both distracted and sham groups, the contralateral, nonop-
erated side was used as the control.
Radiographs were taken at the completion of surgery and
again at the end of the experiment. The range of movement
(ROM) of the knee joints was assessed using a goniometer
with the hip and ankle in the right-angle position. The reduc-
tion in knee ROM in the lengthening side was calculated by
subtracting ROM of the lengthening side from that of the
control side.
In the distraction group, half of the animals were sacri-
ﬁced immediately upon the conclusion of the distraction pro-
tocol by an overdose intravenous barbiturate (2 mg/kg),
while the other half were killed in a similar manner after
an additional consolidation phase of 5 weeks. In the sham
group, half were killed 5 weeks after the initial surgery
and the other half killed after an additional 5 weeks.
Immediately after sacriﬁce, the animals were injected with
2 ml of sterile sodium chloride solution into the knee joints of
the operated and control sides. The synovial ﬂuid was aspi-
rated after the joint was moved four times through a full
range of motion. The proximal 2 cm of tibia, including the
metaphysis, growth plate, and articular cartilage was
excised and divided longitudinally along the mid-coronal
plane. One half was ﬁxed in 100 ml of 4% formaldehyde,
pH 7.0 (Genta Medical, York, UK), for 48 h at room temper-
ature for microscopy. The other half was ﬁxed in 2.5% glu-
taraldehyde, pH 7.4, for 24 h at room temperature for
scanning electronic microscopy (S.E.M.).
Estimation of sulfated GAG in synovial ﬂuid was carried
out using the dimethylmethylene blue colorimetric method10.
The aspirated sample of synovial ﬂuid was centrifuged at
10,000 g for 10 min. The supernatant was lyophilized
and stored at 80(C until analysis. The sample was ﬁrst di-
gested by hyaluronate lyase (EC 4.2.2.1, Sigma, UK) to min-
imize the interference of hyaluronic acid and then digestedby papain (Sigma, UK) to reduce the interfering proteins.
Sulfated glycosaminoglycans cause a proportional increase
in absorbance at 525 nm with increasing concentration with
minimal interference from polyanions. The assay was cali-
brated by use of appropriate blanks, and a standard curve
of the bovine chondroitin sulfate (0e80 mg/ml).
The formaldehyde ﬁxed specimens for microscopy were
decalciﬁed in several changes of 10% (w/v) ethylenediami-
netetraacetic acid (EDTA), pH 7.4, over 6 weeks. The spec-
imens were dehydrated in a series of increasing ethanol
concentrations, embedded with cut surface down in parafﬁn
wax and cut into sections of 4 mm in thickness. Sections
were stained with hematoxylin and eosin (H&E), 1% alum
toluidine blue (exhibits metachromasia with high concentra-
tions of ionized sulfate and phosphate groups) or 0.1%
safranin O (selective for negative charged groups of chon-
droitin 6-sulfate or keratan sulfate). Mankin’s histological
and histochemical grading system11, which gives a semi-
quantitative evaluation of the histopathological changes in
articular cartilage, was our main metric to assess the histo-
logical damage.
For S.E.M., the ﬁxed specimen was dehydrated in a series
of increasing ethanol concentrations and dried in a Polaron
3000 Critical Point Drier. The specimen was sputter coated
using an Edward S 150 unit (typically 50 mA for 1 min) and
observed in a Philip’s S.E.M. 501.
Mankin’s scores of articular cartilage damage were com-
pared using the ManneWhitney test. Glycosaminoglycan
concentrations in the synovial ﬂuid from the distracted and
the control side of individual animals were compared using
a paired t test and for the comparison between animals an
independent t test was used. The level of signiﬁcance was
determined at P< 0.05.
Results
In a previous study9 we demonstrated that there was
reduced ROM (27 8() of the knee joint in the lengthened
side at the end of distraction and was unaltered (26 6() 5
weeks later. Thus, showing contracture of knee joint in the
lengthened side after 30% diaphyseal lengthening of the
tibia. The rabbits were observed to walk on the lengthened
leg less than the nonoperated sides. In the sham group, the
rabbit used the operated leg normally at the end of 5 and
10 weeks after the initial surgery; knee joint contracture
was not seen.
H&E staining of sections from the nonoperated sides and
sham-operated sides showed uniformly intact and regular
cartilage structure with normal chondrocyte columns, nuclei
staining and lacunae [Fig. 1(A)]. Toluidine blue and 0.1%
safranin O staining showed regular staining of the matrix.
S.E.M. showed a smooth and regular cartilage surface, which
appeared ‘‘pebbled’’ but with no cracks or exposed collagen
ﬁbers [Fig. 2(A)].
At the end of distraction, H&E staining [Fig. 1(B)] showed
an irregular cartilage surface with surface breakdown, hori-
zontal splitting, increased subchondral vascularization and
penetration of subchondral capillaries into the deep zone
of the cartilage. In the superﬁcial zone of some specimens,
there were a few empty lacunae and slightly altered staining
of cell nuclei. However, the numbers of chondrocytes and
columns were the same as those of controls. Safranin O
staining showed irregular staining of the superﬁcial and
deep zones and toluidine blue had irregular staining and
metachromasia of cartilage matrix. S.E.M. [Fig. 2(B)] of the
lengthened side showed the joint surface to be rough with
1051Osteoarthritis and Cartilage Vol. 14, No. 10Fig. 1. (A) (H&E). Articular cartilage of the control side at the end of distraction: uniformly intact and regular surface and normal chondrocytes.
(B) Articular cartilage of the distraction side at the end of distraction: surface breakdown, increased subchondral vascularization and penetra-
tion of subchondral capillaries into the deep zone of cartilage, normal amounts and columns of chondrocytes.the formation of debris. This indicated the loss of amor-
phous ground substance; however, the typical surface con-
tour pattern was preserved. The underlying collagen ﬁbers
were exposed with their orientation largely retained.
Five weeks after the end of the distraction period, the
changes in articular cartilage became more severe. Fibrilla-
tion such as clefts into the transitional zone, ﬁssuring in the
transitional and radial zones, and pannus appeared. There
were empty lacunae, altered staining of cell nuclei, hypocel-
lularity and small-sized chondrocytes. Toludine blue and saf-
ranin O showed more obvious metachromasia and loss of
cartilage matrix staining. Under S.E.M. [Fig. 2(C)], the typical
joint surface contour pattern was disrupted. Collagen ﬁbers
appeared larger than normal and were arranged in an irregu-
lar pattern with no particular alignment and varied thickness.
Tearing, ﬁssuring, rupturing and fragmentation of ﬁbers were
observed. Some showed vertical clefts into the deeper
cartilage zone and lamellar ﬂaking of the cartilage surface.
The mean Mankin’s score of articular cartilage in the
proximal tibia of the lengthened side was 3 at the end of
distraction, which rose to 6 after an additional 5 weeks
(Table I). This difference was signiﬁcant (P¼ 0.015). Noabnormal changes were seen in the nonoperated side or
in either limb of the sham-operated animals.
The mean values of GAG in synovial ﬂuid (Table II) from
the distracted sides at the end of distraction and 5 weeks
later were 36.2 mg per joint and 54.5 mg per joint, respec-
tively, which were signiﬁcantly higher than 25.7 mg per joint
and 24.1 mg per joint, respectively, in the control sides. The
mean GAG content at the end of distraction (36.2 mg per
joint) was lower than that at 5 weeks later (54.5 mg per joint)
but was not statistically different (Table II). There was no
statistically signiﬁcant difference between the sham-oper-
ated and its contralateral control at either time point. Nor
was there a difference between the contralateral control of
the distracted group and the sham group values.
Discussion
Tibial distraction of the diaphysis by 30% caused carti-
lage degeneration in this model. This was shown by the
occurrence of ﬁbrillation, ﬁssures, and altered staining of
cell nuclei and matrix. There was also hypocellularity and
small-sized chondrocytes, the loss of cartilage proteoglycan
1052 G. Cai et al.: Effect of lengthening on knee cartilageFig. 2. (A) (S.E.M.). Articular cartilage from the control side: the regular and smooth surface of cartilage appearing ‘‘pebbled’’ without crack or
exposed collagen ﬁbers. (B) Articular cartilage from the lengthening side at the end of lengthening: rough surface with the formation of debris
indicating loss of amorphous ground substance, underlying exposed collagen ﬁbers largely retaining their orientation and the typical surface
contour pattern. (C) Articular cartilage from the lengthening side at 5 weeks after the end of lengthening: disrupted surface contour pattern,
larger collagen ﬁbers in an irregular alignment and varied thickness, tearing, ﬁssuring, rupturing and fragmentation of ﬁbers.
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in the synovial ﬂuid. The GAG concentration was not ele-
vated on the contralateral side when compared to sham-
operated animals, implying that the expected increased
loading of the contralateral side had not caused detectable
damage. The articular surface was also damaged seen by
S.E.M. as tears, ﬁssures, ruptures and fragmentation of col-
lagen ﬁbers. There were no abnormalities seen in the imma-
ture articular cartilage of sham-operated sides.
These ﬁndings are in agreement with Stanitski who used
a mature dog model to investigate 30% femoral diaphyseal
lengthening and proposed that the mechanism of cartilage
damage was the increase in intra-articular pressure due to
contracture of the musculature traversing the knee joint dur-
ing bone lengthening12.
In contrast, Fink et al.3 did not ﬁnd any damage to imma-
ture articular cartilage in a young beagle dog model at the
end of 30% diaphyseal lengthening of the tibia and subse-
quent consolidation phase. They explained this on the one
hand by the fact that the increase in intra-articular pressure
is smaller during tibial lengthening than femoral lengthening
because there is less muscle mass traversing the knee joint
on the tibia than on the upper leg. On the other hand, they
observed only a slight loss of extension (5(e10() with nor-
mal ﬂexion of knee joint and nearly normal use of the oper-
ated leg in contrast to high loss of knee motion and almost
no weighting bearing through the limb in Stanitski’s study.
They suggested that not only the increase of pressure in
the joint but also the loss of joint mobility and abnormality
of weight bearing following joint contracture could cause
damage to articular cartilage during limb lengthening and
that these negative effects could have an even greater effect
when present together. Their suggestion explained the re-
sults in the study by Stanitski et al.13 that spanning the
knee joint with a hinged ﬁxation system during 30% femoral
lengthening caused less degenerative joint damage than not
spanning the knee joint. In our study using this rabbit model,
increased knee joint pressure was found at both the end of
the lengthening phase and consolidation phase of 5 weeks9.
Meanwhile, a decreased use and substantial reduction in
ROM of the knee joint in the lengthened leg (mean 27( at
the end of distraction and mean 26( at 5 weeks later)
were observed. Our ﬁndings of cartilage damage were
caused by the combined effects of pressure increase, joint
contracture and abnormal weight bearing, which are in
agreement with Fink’s suggestion.
Table I
Mankin’s scores for articular cartilage in the lengthened side
At the end of
lengthening
5 weeks
later
MeanSD 3 1 6 3
P value¼ 0.015, ManneWhitney test.Joint contracture also has adverse effects as it makes
intra-articular and extra-articular structures become stiffer,
thus possibly increasing the joint reactive force14,15. Vide-
man16 found that immobilization of the knee in rabbits raised
the compression force on the joint surface by up to threefold.
It also impairs the nutrition of the cartilage as a result of the
loss of normal joint movement and intermittent joint loading,
which are assumed to be needed to facilitate the mixing of
synovial ﬂuid and ‘‘pumping’’ of ﬂuid through the cartilage
matrix17,18.
This study shows that at the end of lengthening the dam-
age to immature cartilage (Mankin score 3) is less severe
than to mature cartilage (Nakamura’s studies1,2, Mankin
score 8). There may be several explanations for this
phenomenon. (1) The immature cartilage gets a nutrient
supply via the vessels in the subchondral bone and the
synovial ﬂuid whereas mature cartilage only has the syno-
vial ﬂuid17,18. Hence, mechanical interference of synovial
nutrition to immature cartilage can be compensated by the
blood vessels from subchondral bone. Histology in this
study showed increased subchondral vascularization and
penetration of subchondral capillaries into the deep zone
of cartilage. (2) Immature cartilage functions more effec-
tively in providing an elastic cushion of water to protect
the bone surface as the immature cartilage contains more
total glycosaminoglycan, higher wet weight of cartilage
and hydrodynamically larger chondroitin sulfate-rich proteo-
glycan than the mature cartilage of rabbit19. (3) The
immature articular cartilage can grow, proliferate and
regenerate20,21, thus having a better ability of repairing joint
deterioration21,22. (4) Immature cartilage demonstrated
a more rapid rate of remodeling and metabolism, which
makes the immature cartilage accommodate more easily
and quickly to the mechanical loading23,24. (5) Knee joint re-
active force may be lower in immature rabbit due to the
lower strength and stiffness of immature muscles. Age-
dependent increases in collagen ﬁbril size, ultimate load
and tensile strength of tendons, ligaments and muscles
occur from puberty to adulthood6. In a rabbit model of
20% tibial lengthening, the immature tibialis anterior
showed more vigorous generation of new muscle tissue,
no denervation and no functional deﬁcits in comparison
with the mature12. As it has been reported that muscle stiff-
ness increased with the severity of muscle damage after
limb lengthening25,26, the better adaptation of immature
muscle to bone lengthening would reduce its stiffness23,24.
(6) Nakamura et al.1,2 distracted the right tibia on the day af-
ter the operation at a rate of 0.5 mm every 12 h with the left
leg distracted at 0.0083 mm every 12 min, while in this
study the left tibia was distracted at a rate of 0.4 mm every
12 h and the right tibia had no distraction. Consequently,
the extent of knee joint contracture and weight bearing on
the lengthened leg will be different.
Damage, as indicated by the Mankin score, of immature
articular cartilage became worse during the consolidationTable II
GAG contents in the synovial fluid
End of lengthening (mg per joint) 5 weeks later (mg per joint)
Control side Distracted side Control side Distracted side
MeanSD 25.7 18.2 36.2 20* 24.1 15.1 54.5 25.6*
Control side Sham side Control side Sham side
MeanSD 26.4 16.5 27.1 13.3 23.0 13.0 24.2 9.7
*P< 0.01 (paired t test).
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cartilage. This trend of degenerative change is in agree-
ment with several reports that show traumatic injury to the
articular cartilage can progress to an arthrotic lesion27e29.
It is the prevailing view that, the degeneration of cartilage,
leading to osteoarthrosis, ﬁrst affects the superﬁcial
zone30e32. The superﬁcial zone of cartilage shows the high-
est tensile stiffness because of its higher concentrations of
collagen, its tangentially oriented ﬁbers and a relatively low
content of proteoglycans30. The tensile stiffness shows a rel-
atively sharp decline in cartilage adjacent to zone I and then
continues to decrease more gradually with distance from
the articular surface31. Therefore, once the integrity of the
stiff protective outer layer has been lost, the underlying
tissue is subjected to abnormally high stresses, and the
degenerative changes gradually extend from the surface
into the deeper layers of the cartilage. The loss of collagen
integrity allows the entrapped and underhydrated proteogly-
cans to take up additional water and leads to swelling and
softening of the cartilage. Subsequently, deep vertical ﬁs-
sures penetrate into the intermediate and deep zones of
the cartilage and splitting or ﬁbrillation of the matrix fol-
lows31,32. In this study, the most obvious changes at the
end of lengthening were surface breakdown. Five weeks
later vertical clefts into transitional zone, ﬁssuring in the
transitional and radial zones appeared.
In interpreting these ﬁndings and relating them to the hu-
man situation, there are two factors that need to be borne in
mind. The ﬁrst is that this is a rodent model of limb distraction
and that has implications for the function and posture of the
leg which is different to that in humans. The second is that
in the human condition a limb discrepancy is corrected to
ideally equal length to the contralateral side; in the animal
model the limbs start equal and become unequal due to dis-
traction. There is some evidence that in shortness of limb the
greatest burden is placed on the shorter limb33; correction of
the limb length reduces the load on this limb but increases it
on the contralateral side. In the rabbit model the start posi-
tion is with the limbs equally loaded, upon lengthening the
distracted side takes a decreased burden while the contra-
lateral increases. So although the starting positions are dif-
ferent between the human and rabbit the comparative
changes as the result of lengthening can be similar.
The results of the current study show that 30% tibial
lengthening causes joint contracture which is maintained
for at least several weeks after distraction has ﬁnished
and leads to acute degenerative changes in immature car-
tilage due to the increased compressive force on the knee
joint. This highlights the importance of such measures as
physiotherapy, splinting and cross joint ﬁxation to maintain
normal joint ROM and joint compressive force when longer
distractions are performed.
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